WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCT 

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 
C08F 2/38 



Al 



(11) International Publication Number: WO 98/07758 

(43) International Publication Date: 26 February 1998 (26.02.98) 



(21) International Application Number: PCT/US97/1 4703 

(22) International Filing Date: 22 August 1997 (22.08.97) 



(30) Priority Data: 

08/701,437 



22 August 1996 (22.08.96) 



US 



(71) Applicant: CARNEGIE-MELLON UNIVERSITY [US/US I; 

5000 Forbes Avenue, Pittsburgh, PA 15213-3890 (US). 

(72) Inventors: MATYJASZEWSKI, Krzysztof; Carnegie-Mellon 

University, Dept. of Chemistry, 4400 Fifth Avenue, 
Pittsburgh, PA 15213 (US). GRESZTA, Dorota; Camegie- 
Mellon University, Dept. of Chemistry, 4400 Fifth Avenue, 
Pittsburgh. PA 15213 (US). 

(74) Agents: MASON, J., Derek ct al.; Obion, Spivak, McClelland, 
Maier & Neustadt, P.C, Crystal Square Five, 4th floor, 1755 
Jefferson Davis Highway, Arlington, VA 22202 (US). 



(81) Designated States: AL, AM, AT, AU, AZ, BA, BB, BG, BR, 
BY, CA, CH, CN, CU, CZ, DE, DK, EE, ES, FI, GB, GE, 
GH, HU, IL, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, 
LS, LT, LU, LV, MD, MG, MK, MN, MW, MX, NO, NZ, 
PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, TM, TR, 
IT, UA, UG. UZ, VN, YU, ZW, ARIPO patent (GH, KE, 
LS, MW, SD, SZ, UG, ZW), Eurasian patent (AM, AZ, BY, 
KG, KZ, MD, RU, TJ, TM), European patent (AT, BE, CH, 
DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, 
SE), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, GN. ML, 
MR, NE, SN, TD, TG). 



Published 

With international search report 
With amended claims. 



(54) Title: RATE ENHANCEMENT OF NITROXYL RADICAL-MEDIATED POLYMERIZATION 



(57) Abstract 



R2 Rl 

V 



(I) 



An improved process 
for free radical polymerization 
is produced making it possible 
to control the growth steps 
of a polymerization to produce 
homopolymers and copolymers, 
including block and graft 
copolymers. The process uses 
long half -life radical initiators 
and compounds which have 

the structure of formula (I), wherein X is a group having at least one carbon atom and is such that the free radical X- is capable of 
polymerizing the unsaturated monomer by free radical polymerization, and the radical functionality resides on the or one of the carbon 
atoms, R 1 , R 2 , R 5 et R 6 represent the same or different straight chain or branched substituted or unsubstituted alkyl groups of a chain 
length sufficient to provide steric hindrance and weakening of the O-X bond, and R 3 and R 4 represent the same or different, straight chain 
or branched, substituted alkyl groups or R 3 CNCR 4 may be part of a cyclic structure which may have fused with it another saturated or 
aromatic ring, the cyclic structure or aromatic ring being optionally substituted. 
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TITLE OF THE INVENTION 

RATE ENHANCEMENT OF NITROXYL RADICAL -MEDIATED POLYMERIZATION 

BACKGROUND OF THE INVENTION 
Field of the Invention 

The invention is directed to a method of enhancing the 
rate of polymerization of nitroxyl radical -mediated 
polymerization of unsaturated monomers. More particularly, 
the invention is directed to the rate enhancement of radical 
polymerization in the presence of the 2 , 2 , 6 , 6 -tetramethyl-l- 
piperidinoxyl radical (TEMPO) . 

Discussion of the Background 

The concept of applying stable nitroxyl radicals to 
control free -radical polymerization was developed by Solomon 
and Rizzardo 1 for a variety of monomers, but this original 
approach was limited to low molecular weight polymers. 
Subsequently, Georges et al adapted this approach to 
polymerization of styrene initiated by benzoyl peroxide in the 
presence of TEMPO 2 yielding high molecular weight polymers with 
narrow polydispersities and molecular weights linearly 
increasing with conversion. Other groups have reported that 
well-defined polymers can also be obtained in thermal 
polymerization of styrene in the presence of TEMPO 3 as well as 
in the polymerization of styrene initiated by various TEMPO 
adducts 4,5 and other alkoxyamines 6 ' 7 . Additionally, copolymers 
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of styrene and other vinyl monomers have also been synthesized 
in a controlled manner by using this technique 8,9 . 

The control of the polymerization is achieved by 
reversible scavenging of the propagating radicals by a stable 
nitroxyl radical: 



Scheme I 




The above equilibrium is shifted strongly to the right 
side and thus the concentration of the active species is lower 
in the TEMPO -mode rated polymerization than in a conventional 
free radical polymerization. Consequently, the rate of 
bimolecular termination, which is second order with respect to 
radical concentration, is lower and does not lead to a 
broadening of the molecular weight distributions, in contrast 
to conventional polymerizations. However, the rate of 
propagation (first order with respect to radical 
concentration) is also affected, although much less than the 
termination. 

The long time required for completion of polymerization, 
even at relatively high temperatures and independently of the 
initiator concentration, is the most important disadvantage of 
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this process. For example, bulk polymerization of styrene 
takes 20 hrs. to reach 60% conversion and 44 hrs. to reach 
final conversion at 120 °C for a TEMPO adduct concentration of 
0.01M. The reason for the slow polymerization rate is a low 
stationary concentration of the propagating radicals. At 
120°C, the equilibrium constant K= [P*] • ( [T # ] / [PT] ) , where P' is 
propagating radicals, T* is free TEMPO and PT is TEMPO- capped 
dormant chains, is on the order 10* 11 mol-L' 1 . The 
experimentally determined stationary concentration TEMPO is on 
the order of 0.1% of the original concentration of TEMPO or 
its adduct 11 ' 12 . Thus, the stationary concentration of 
propagating radicals is on the order of 10' e mol-L. 

The rate of the polymerization of styrene in the presence 
of TEMPO is independent of the concentration of the initiator 
and remarkably close to the rate of thermal polymerization 
under similar conditions. It has been shown that it is 
thermal self -initiation of styrene that provides a 
concentration of propagating radicals sufficient for obtaining 
reasonable, albeit slow, polymerization rates 11 . If the 
thermal initiation were absent, the polymerization would be 
even slower. Based on the above observations, a conclusion 
might be drawn that the rate of the TEMPO-mediated 
polymerization of styrene can be enhanced by decreasing the 
concentration of TEMPO and thereby, increasing the 
concentration of propagating radicals. Since the 
polymerization is controlled by the excess of TEMPO (a 
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persistent radical effect 14 ) , this approach would undoubtedly 
lead to a higher rate of bimolecular termination and an 
increase of polydispersities if the concentration of TEMPO is 
brought too low and the rate of the trapping of the growing 
chains becomes lower than the rate of propagation. This might 
be avoided if the concentration of radicals is only few times 
higher than the concentration of radicals provided by thermal 
self -initiation, and the excess of TEMPO is continuously but 
slowly being removed from the system. 

Georges et al reported that addition of a small amount of 
camphorsulfonic acid (CSA) 15 or 2-f luoro-l-methylpyridinium p- 
toluenesulfonate 16 to a polymerization of styrene initiated by 
benzoyl peroxide in the presence of TEMPO increased the rate 
of polymerization significantly. But the addition of CSA or 
the salt also caused a broadening of polydispersities, 
particularly at the beginning of the polymerization. In the 
case of CSA as an additive, Georges et al postulated that the 
excess of TEMPO is removed by a rapid reaction with CSA 17 . 
This reaction irreversibly eliminates some of the nitroxide 
present at the beginning of the polymerization, thereby 
reducing the induction period. After the initial increase in 
the rate, the polymerization proceeds with virtually unchanged 
rate 15 . The mechanism of the rate enhancement in the presence 
of the salt is unknown so far. 
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A need continues to exist, therefore, for improved 
methods of controlling the rate of nitroxyl radical -mediated 
polymerization . 



Accordingly, one object of the present invention is to 
provide a method for the rate enhancement of nitroxyl radical - 
mediated polymerization. This and other objects which will 
become apparent in the course of the following specification 
have been achieved by the present method for the production of 
polymers by free radical polymerization of suitable 
unsaturated monomers in the presence of a radical initiator 
with a long half-life at the reaction temperature and a 
compound having the formula (I) 



X is a group comprising at least one carbon atom and is 
such that the free radical X- is capable of polymerizing the 
unsaturated monomer by conventional free radical 
polymerization, and the radical functionality resides on one 
of the carbon atoms, and 



SUMMARY OF THE INVENTION 




— O— X 



(I) 



wherein 
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the groups R 1 , R 2 , R 5 and R € are the same or different, 
straight chain or branched, substituted or unsubstituted alkyl 
groups of a chain length sufficient to provide steric 
hindrance and weakening of the O— X bond, and 

R 3 and R* are the same or different, straight chain or 
branched alkyl or substituted alkyl groups or the portion 
R*CNCR 4 may be part of a cyclic structure which may have fused 
with it another saturated or aromatic ring. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete appreciation of the invention and many of 
the attendant advantages thereof will be readily obtained as 
the same becomes better understood by reference to the 
following detailed description when considered in connection 
with the accompanying drawings, wherein: 

Fig. 1 shows kinetic plots of ln([M] 0 /[M]) vs. time for 
bulk polymerization of styrene in the presence of 1- 
phenylethyl -TEMPO adduct (0.010M) and variable amounts of 
dicumyl peroxide (DCP) ; temperature 120°C. 

Fig. 2 shows evolution of molecular weights with 
conversion for a bulk polymerization of styrene in the 
presence of 1 -phenylethyl -TEMPO adduct (0.010M) and variable 
amounts of dicumyl peroxide; temperature 120°C. 

Fig. 3 shows the dependence of molecular weights 
distribution upon conversion for a bulk polymerization of 
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styrene in the presence of 1 -phenyle thy 1- TEMPO adduct (0.010M) 
and variable amounts of dicumyl peroxide, temperature 120°C. 

Fig. 4 shows kinetic plots of In { [M] J [M] ) vs. time for 
bulk polymerization of styrene initiated by AIBN (0.01M) in 
the presence of TEMPO (0.01M) w/o dicumyl peroxide (▼) and 
with 20 mol% of dicumyl peroxide (•) ; temperature 12 0°C. 

Fig. 5 shows the evolution of molecular weights with 
conversion for bulk polymerization of styrene initiated by 
AIBN (0.01M) in the presence of TEMPO (0.01M) w/o dicumyl 
peroxide (▼) and with 20 mol% of dicumyl peroxide (•) ; 
temperature 120 °C. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
In this invention an alternative approach to rate 
enhancement of nitroxyl radical -mediated polymerization has 
been discovered. In this approach the increase in 
polymerization rate is achieved by adding a small amount of a 
radical initiator with a long half -life time at the reaction 
temperature. In this system, the excess of nitroxyl radical 
is continuously decreased by reaction with radicals formed by 
a slowly decomposing radical initiator, in analogy to thermal 
self -initiation. Preferably, the initiator is employed at 
concentrations such that it decomposes with a rate comparable 
to the rate of initiation of thermal polymerization of styrene 
under the polymerization conditions. 
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In the present invention, "a radical initiator with a 
long half-life time" means a radical initiator with a half- 
life time comparable to the polymerization half -life time and 
used in such amount that the total concentration of radicals 
produced by its decomposition does not exceed 3 0% of a sum of 
initial amount of nitroxyl radical (II) and alkoxyamine used 
(I) . Preferably, the radical initiator with a long half -life 
time will have a half-life time of 6 to 15 hrs., preferably 8 
to 10 hrs. Suitable radical intiators with a long half -life 
time include alkyl (substituted or not, linear or branched) 
aryl (unsubstituted or substituted up to five substituents) or 
acyl peroxides, alkyl and aryl hydroperoxides, alkyl and aryl 
peresters, the most preferred (but not limited to) initiators 
being dicumyl peroxide, di-t -butyl peroxide, di-t-amyl 
peroxide, t-butyl hydroperoxide. Generally, these radical 
initiators are added to the polymerization reaction in amounts 
of about 1-40 mol%, preferably 5-20 mol% based on the total 
concentration of nitroxyl radical (II) and alkoxyamine used 

(I) . Preferably, these radical initiators are added at the 
beginning of the polymerization reaction, although the radical 

initiators may be added portion-wise during the course of 

polymerization if desired. 

Nitroxyl radical -mediated polymerization may be conducted 

substantially as described in US 4,581,429 with the additional 

use of the long half -life radical initiator according to the 
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present invention. US 4,581,429 is incorporated herein by 

reference in its entirety. 

Suitable groups for X in formula (I) are alkyl and aryl, 

preferably tertiary butyl, cyanoisopropyl, benzyl, 1- 

phenylethyl, indenyl or the like. In general the structure of 

X- will be of the form 

R 
I 

OR' 
I 

R" 

wherein R, R' and R", are the same or different and may be 
selected from hydrogen, alkyl, phenyl, cyano, carboxcylic 
acid, or carboxylic groups including substituted groups 
thereof. 

Suitable groups for R 1 , R 2 , R 5 and R* are straight or 
branched alkyl groups of C 1 -C 2 ot preferably C^C^ such as 
methyl, ethyl, propyl, butyl, isopropyl, isobutyl, t -butyl, 
neo-pentyl, C € -C 30 aromatic and substituted aromatic groups 
such as benzyl, aryl (phenyl) or the like, Ci-Cjo, preferably C 4 - 
c 7 cyclic alkyl groups, etc. 

Suitable groups for R 3 and/or R 4 are as above for R 1 , R 2 , 
R 5 and R 6 and include methyl, ethyl, propyl, butyl, iospropyl, 
isobutyl, t -butyl, pentyl, octadecyl or the like, or if R 3 CNCR 4 
is part of a cyclic structure this cyclic structure may be 



WO 98/07758 



PCT/US97/14703 



-10- 



O 0R C J 0R Q 



OR 




OR 




The cyclic structure may be substituted. 

For controlled free radical polymerization by the 
initiators of formula I it is preferable that the nitroxide 
radical of formula II does not initiate any substantial free 
radical polymerization of the unsaturated monomers itself. 



R2 Rl 

V 



where R 1 -R 6 are as above for formula (I) . 

Hindered a lkoxy amines generally in accordance with the 
present invention can be used as initiators of free radical 
polymerization at convenient temperatures. The polymerization 
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processes proceed by "insertion" of monomer units between the 
nitroxide radical of the formula II and X- via radical 
intermediates, for example 



R 2 R 1 

V 



R3/ \ 

rJ — O — 1 

* 5 ' V 



nA 



R 2 R 1 

V 



Alkoxy amines such as those of formula I can be prepared 
by heating a nitroxide radical of formula II in the presence 
of a stoichiometric amount of a carbon centered free radical 
X- where X- may be generated by any of the methods well known 
in the art, e.g. by the decomposition of an azo compound, by 
Scission of an alkoxy radical or by H atom abstraction from a 
suitable monomeric or polymeric compound or by addition of a 
free radical to an olefin. More specifically X- can be 
generated by the thermal or photochemical dissociation of 
X — X, or X — Z — X or X — Z — Z — X, where Z is a group which in 
its uncombined form is a small stable molecule e.g., C0 2 or N 2 . 
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The alkoxyamine so formed may be isolated and purified 
for later use or it may be used without further purification 
for the initiation of polymerization. 

The nitroxides of formula II may be readily prepared by 
the oxidation of the appropriate secondary amine or 
hydroxylamine , reduction of the appropriate nitro or nitroso 
compound, or by the addition of free radicals to nitrones. 
Alternatively the alkoxyamine initiators can either be 
prepared or generated in situ by the addition of a source of 
the free radicals to a suitable nitroxyl radical in the 
presence of an unsaturated monomer or with the monomer being 
added after the free radicals have reacted with the nitroxide. 
The free radicals can be generated by any of the methods well 
known in the art, e.g. by the decomposition of an azo 
compound, by scission of an alkoxy radical or by H atom 
abstraction from a suitable monomeric or polymeric compound, 
or by addition of a free radical to an olefin. 

Preferably in the method of the present invention, the 
polymerization is performed in a non-polymerizable medium such 

as for example benzene, toluene, xylene, dimethoxybenzene . 

diglyme, diphenyl ether or the like. 

The method of this invention is particularly suitable for 

the production of oligomeric polymers and copolymers including 

block and graft copolymers, and of course includes the 

reaction of two or more different monomers . 
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It is thus possible to control the polymerization 
processes of the present invention by selecting alkoxyamines 
of formula I with appropriate substituents, selecting the 
polymerization temperature, and the amount and type of 
monomer (s) added at any one time as well as the amount and 
type of the secondary radical initiator. Additional nitroxide 
radical of formula II may be added if desired, such as for 
example to stabilize growing polymer chain. Although this 
controlled growth radical polymerization will proceed until 
the monomer present is consumed and then stop, the polymeric 
free radical is in effect "living" and polymerization will 
continue if further amounts of a polymerizable monomer are 
added. This additional monomer may not necessarily be the same 
as the previous monomer hence this controlled growth free 
radical polymerization has some advantages such as for example 
the flexibility and ability to produce polymers of controlled 
chain length and to produce block and graft copolymers. 
Further, the present method is applicable to a wide range of 
monomers. Additionally, it is now possible to readily prepared 
short chain oligomeric polymers from unsaturated monomers 
because the polymer chain length in any one polymerization 
step can be controlled by the relative amounts of monomer and 
initiator present in the reaction. 

In the present invention any radically polymerizable 
alkene can serve as a monomer for polymerization. The 
preferred monomers include those of the formula: 
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R 1 R 3 

\ / 
C=C 

/ \ 
R J R 4 

wherein R l and R 2 are independently selected from the group 
consisting of H, halogen, CF 3 , straight or branched alkyl of 1 
to 20 carbon atoms (preferably from 1 to 6 carbon atoms, more 
preferably from 1 to 4 carbon atoms), aryl, a, 0- unsaturated 
straight or branched alkenyl or alkynyl of 2 to 10 carbon 
atoms (preferably from 2 to 6 carbon atoms, more preferably 
from 2 to 4 carbon atoms), a, /3-unsaturated straight or 
branched alkenyl of 2 to 6 carbon atoms (preferably vinyl) 
substituted (preferably at the a-position) with a halogen 
(preferably chlorine), C 3 -C 8 cycloalkyl, hetercyclyl, C(=Y)R 5 , 
C(=Y)NR 6 R 7 and YC(=Y)R\ where Y may be NR S or O (preferably O) , 
R s is alkyl of from 1 to 20 carbon atoms, alkoxy of from 1 to 
20 carbon atoms, aryloxy or heterocyclyloxy, R* and R 7 are 
independently H or alkyl of from 1 to 20 carbon atoms, or R 6 
and R 7 may be joined together to form an alkylene group of from 
2 to 5 carbon atoms, thus forming a 3- to 6-membered ring, and 
R 8 is H, straight or branched Cj-C^ alkyl and aryl; and 

R 3 is selected from the group consisting of H, halogen 
(preferably fluorine or chlorine), Cj-C 6 (preferably C r ) alkyl, 
COOR* (where R 9 is H, an alkali metal, or a Cj-Cj alkyl group) 
or aryl, or amid R l0 - U 2 N- , where R 10 ' 11 is H, alkyl, aryl; or 
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R : and R 2 may be joined to form a group of the formula 
(CH 2 ) n . (which may be substituted with from 1 to 2n' halogen 
atoms or C,-C 4 alkyl groups) or C (=0) -Y-C (=0) , where n' is from 
2 to 6 (preferably 3 or 4) and Y is as defined above; or 

R 4 is the same as R 1 or R 2 or optionally R 4 is a CN group; 

at least two of R 1 , R 2 , and R 3 are H or halogen. 

In the context of the present application, the terms 
"alkyl" , "alkenyl" and "alkynyl" refer to straight -chain or 
branched groups (except for C x and C 2 groups) . 

Furthermore, in the present application, "aryl" refers to 
phenyl, naphthyl, phenanthryl, phenalenyl, anthracenyl, 
triphenylenyl , f luoranthenyl , pyrenyl , pentacenyl , chrysenyl , 
naphthacenyl , hexaphenyl, picenyl and perylenyl (preferably 
phenyl and naphthyl) , in which each hydrogen atom may be 
replaced with alkyl of from 1 to 20 carbon atoms (preferably 
from 1 to 6 carbon atoms and more preferably methyl) , alkyl of 
from 1 to 20 carbon atoms (preferably from 1 to 6 carbon atoms 
and more preferably methyl) in which each of the hydrogen 
atoms is independently replaced by a halide (preferably a 
fluoride or a chloride) , alkenyl of from 2 to 20 carbon atoms, 
alkynyl of from 1 to 20 carbon atoms, alkoxy of from 1 to 6 
carbon atoms, alkylthio of from 1 to 6 carbon atoms, C 3 -C 8 
cycloalkyl, phenyl, halogen, NH 2 , C^-Cg-alkylamino, C^Q- 
dialkylamino, and phenyl which may be substituted with from 1 
to 5 halogen atoms and/ or C a -C 4 alkyl groups. (This definition 
of "aryl" also applies to the aryl groups in "aryloxy" and 
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"aralkyl.") Thus, phenyl may be substituted from 1 to 5 times 
and naphthyl may be substituted from l to 7 times (preferably, 
any aryl group, if substituted, is substituted from 1 to 3 
times) with one of the above substituents . More preferably, 
"aryl" refers to phenyl, naphthyl, phenyl substituted from 1 
to 5 times with fluorine or chlorine, and phenyl substituted 
from 1 to 3 times with a substituent selected from the group 
consisting of alkyl of from 1 to 6 carbon atoms, alkoxy of 
from 1 to 4 carbon atoms and phenyl. Most preferably, "aryl" 
refers to phenyl and tolyl. 

In the context of the present invention, "heterocyclyl" 
refers to pyridyl, furyl, pyrrolyl, thienyl, imidazolyl, 
pyrazolyl, pyrazinyl, pyrimidinyl, pyridazinyl, pyranyl, 
indolyl, isoindolyl, indazolyl, benzofuryl, isobenzofuryl, 
benzothienyl , isobenzothienyl, chromenyl, xanthenyl, purinyl, 
pteridinyl, quinolyl, isoquinolyl, phthalazinyl, quinazolinyl , 
quinoxalinyl, naphthyridinyl , phenoxathiinyl , carbazolyl, 
cinnolinyl, phenanthridinyl , acridinyl, 1, 10-phenanthrolinyl, 
phenazinyl, phenoxazinyl, phenothiazinyl, oxazolyl, thiazolyl, 
isoxazolyl, isothiazolyl, and hydrogenated forms thereof known 
to those in the art. Preferred heterocyclyl groups include 
pyridyl, furyl, pyrrolyl, thienyl, imidazolyl, pyrazolyl, 
pyrazinyl, pyrimidinyl, pyridazinyl, pyranyl and indolyl, the 
most preferred heterocyclyl group being pyridyl. Accordingly, 
suitable vinyl heterocycles to be used as a monomer in the 
present invention include 2 -vinyl pyridine, 4 -vinyl pyridine, 
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2 - vinyl pyrrole, 3 -vinyl pyrrole, 2 -vinyl oxazole, 4 -vinyl 
oxazole ; 5 -vinyl oxazole, 2 -vinyl thiazole, 4 -vinyl thiazole, 
5-vinyl thiazole, 2 -vinyl imidazole, 4 -vinyl imidazole, 

3 - vinyl pyrazole, 4 -vinyl pyrazole, 3 -vinyl pyridazine, 

4- vinyl pyridazine, 3-vinyl isoxazole, 3-vinyl isothiazoles , 
2 -vinyl pyrimidine, 4-vinyl pyrimidine, 5-vinyl pyrimidine, 
any vinyl pyrazine, N- vinyl carbazole, N- vinyl pyrrolidone, N- 
vinyl imidazole, the most preferred being 2 -vinyl pyridine and 
N-vinyl imidazole. The vinyl heterocycles mentioned above may 
bear one or more (preferably 1 or 2) C x -C € alkyl or alkoxy 
groups, cyano groups, ester groups or halogen atoms, either on 
the vinyl group or the heterocyclyl group, but preferably on 
the heterocyclyl group- Further, those vinyl heterocycles 
which, when unsubstituted, contain an N-H group may be 
protected at that position with a conventional blocking or 
protecting group, such as a Cj-C 6 alkyl group, a tris-C^Cg 
alkylsilyl group, an acyl group of the formula R 12 C0 (where R 12 
is alkyl of from 1 to 20 carbon atoms, in which each of the 
hydrogen atoms may be independently replaced by halide, 
preferably fluoride or chloride) , alkenyl of from 2 to 20 
carbon atoms (preferably vinyl), alkynyl of from 2 to 10 
carbon atoms (preferably acetylenyl) , phenyl which may be 
substituted with from 1 to 5 halogen atoms or alkyl groups of 
from 1 to 4 carbon atoms, or aralkyl (aryl-substituted alkyl, 
in which the aryl group is phenyl or substituted phenyl and 
the alkyl group is from 1 to 6 carbon atoms) , etc. (This 
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definition of "heterocyclyl" also applies to the heterocyclyl 
groups in ■■heterocyclyloxy" and "heterocyclic ring.") 

More specifically, preferred monomers include (but not 
limited to) styrene, p-chloromethylstyrene, vinyl 
chloroacetate, acrylate and methacrylate esters of C x ~C 2t 
alcohols, vinyl acetate, 2 -vinyl pyridine, 2 -vinyl imidazole, 
butadiene, 2- (2-bromopropionoxy) ethyl acrylate, 
acrylonitrile, and methacrylonitrile . 

A monomer containing at least one polar group may be 
present in an amount of 0 to 100 wt% by weight based on the 
total amount of monomers. A preferred amount of the monomer 
containing at least one polar group is 10 to 100 wt%; the most 
preferred amount is 20 to 80 wt% based on the total amount of 
monomers. This is particularly important in the case of 
acrylonitrile because an amount of at least 20 wt% assures 
solvent resistance properties of the resulting polymer. 

The polymers prepared by the process of the present 
invention may be oligomers which have functional groups 
capable of undergoing further chemical reactions to form 
useful materials. The polymers produced by the methods of the 
present invention will have a terminal oxyamine group such as 
that shown as formula II on one end of the chain and an 
initiator residue (X) on the other end and depending upon the 
monomers used may have chemically reactive functional groups 
along the chain. Thus the products of this method will have 
at least one functional group per molecule. If the last 
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monomer unit is a-alkyl (methyl, ethyl) substituted, the 
oxyamine can decompose to form the unsaturated terminal group 

COOCH 3 
-C=CH 2 

and a hydroxyl amine; these oligomeric polymers with terminal 
unsaturation have been named macromers. Macromers are capable 
of further polymerization or copolymerization via the 
unsaturated group to give a polymer with pendent chains. 

The alkoxyamines may have other functional groups which 
can be used for further reactions of the oligomers if the 
nitroxide end group can be kept as part of the polymer 
molecule. Alternatively the group X derived from the initial 
free radical initiator may contain functional groups . 

A mixture of monomers can be added in the polymerization 
step to produce a random copolymer similar to that produced by 
normal free radical polymerization except with controlled 
chain length. 

If necessary the block copolymers can be provided with 
reactive functional groups as described above* 

Polymers which are produced by the present invention 
generally have a polydispersity less than or equal to 1,50, 
more preferably between 1.1 and 1.4, and even more preferably 
between l.l and 1.3. The polymers generally have a molecular 
weight (MJ of about 3,000-150,000, preferably 10,000-50,000. 
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In one embodiment of the process of the present invention 
there is provided a two stage method for preparing a graft 
copolymer by forming in a first stage reaction a polymer with 
pendent alkoxyamine groups of the general structure of formula 
I, and adding further monomer to the product of the first 
stage reaction to form a graft copolymer by controlled growth 
free radical polymerization. The graft copolymer may be 
isolated in ways well known in the art. It should be noted 
that this method gives graft copolymer substantially free from 
any homopolymer. One method of making a polymer with 
alkoxyamine groups is by creating free radical sites on a 
preformed polymer in the presence of a nitroxide. This may be 
achieved by the methods described above or by reacting the 
polymer with a free radical which is capable of abstracting a 
hydrogen atom from the polymer in the presence of the 
nitroxide. Preferred free radicals for this^are oxygen 
centered radicals such as hydroxy, t-butoxy and benzoyloxy. 
Optionally the product of this reaction may be isolated, for 
analysis and storage, or the next stage of the reaction may be 
carried out without isolation. In another embodiment of the 
processes of the present invention there is provided a method 
of making a polymer with alkoxyamine groups by copolymer izing 
two or more monomers wherein at least one of the monomers 
contains an alkoxyamine group so as to be capable of forming 
the polymer containing alkoxyamine groups of the structure of 
formula I. 
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The alkoxyamine can be any of those specified in formula 
I. The grafted chains can be formed by any of the 
polymerization processes described herein and may themselves 
by homopolymers, random copolymers or block copolymers. 

The process of the invention can also be successfully 
applied to modify the procedure of Georges at al 18 in which a 
reaction mixture containing the monomer, initiator (BPO) and 
excess compound of formula (I) (TEMPO; for example, 1.3 times 
with respect to the concentration of BPO) is first 
thermostated at 95°C for 3.5 hrs. in order to produce the 
corresponding alkoxyamine (from BPO and TEMPO) , and 
subsequently heated to 120 °C at which temperature the 
polymerization begins. This procedure yields polymers with 
the most narrow molecular weights distributions (M w /M n - 1.10) . 
In the modified procedure the rate enhancement is achieved by 
using a mixed initiator (BPO + 20-30 mol% dicumyl peroxide. 
The reaction is approximately 2-3 times faster than in the 
absence of dicumyl peroxide. At the same time, the resulting 
polymers retain narrow polydispersities (M w /M n - 1.25). 

Figure 1 shows kinetic plots for polymerization of TEMPO 
initiated by 1-phenylethyl -TEMPO adduct in the presence of a 
variable amount of dicumyl peroxide. The rate of 
polymerization increases with the increase of the amount of 
dicumyl peroxide (DCP) added. The plots are linear indicating 
a steady state for propagating radicals within the conversions 
studied. The slopes of the plots of ln([M) 0 /[M]) vs. time 
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become larger for higher dicumyl peroxide content which 
suggests an increase of the stationary concentration of the 
growing radicals . 

The molecular weights of the resulting polymers decrease 
with an increasing amount of dicumyl peroxide added (Fig. 2). 
The radicals introduced by decomposition of the initiator 
react with TEMPO increasing the total number of chains. 
However the decrease of molecular weights is significant only 
at higher concentrations of dicumyl peroxide (10-40% mol) . 
Figure 2 also shows that for the polymerizations with higher 
initial content of dicumyl peroxide the plots of molecular 
weights vs. conversion are linear even at high conversion 
(>80%) , in contrast to a polymerization in the presence of the 
adduct alone, where the plots of molecular weights vs. 
conversion show a tendency to level off at high conversions. 

Introducing an additional source of radicals in the form 
of a radical initiator to the TEMPO-mediated polymerization of 
styrene leads to a broadening of polydispersities of the 
resulting polymers. Indeed, when dicumyl peroxide is added to 
a polymerization of styrene initiated by 1-phenylethyl - TEMPO 
adduct, a broadening of polydispersities is observed (Fig. 3) , 
but it is noticeable only at the highest content of dicumyl 

peroxide iK/K * !- 45 at 40 mol%) and even then Lt is lower 
then the limiting polydispersity for a conventional radical 
polymerization = 1 - 5 - At moderate content of the radical 
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initiator the polydispersities are as low as in the presence 
of the adduct only. 

A similar approach to a rate enhancement (e.g. by 
addition of a long half-life radical initiator) is useful for 
polymerization of a monomer (styrene) initiated by a second 
initiator such as azo-iso-butyronitrile (AIBN) or benzoyl 
peroxide (BPO) in the presence of TEMPO. The polymerization 
procedure and polymer characterizations are generally 
identical to that for the polymerizations in the presence 1- 
phenylethyl- TEMPO adduct. In this system the effect of 
addition of dicumyl peroxide has even more pronounced effect 
on the polymerization relative to for the previously described 
system (Fig. 4) . The molecular weights increase linearly with 
conversion (Fig. 5) indicating that the polymerization 
proceeds in a controlled manner. 

A primary initiator is a radical initiator used in a 
stoichimetric or substoichimetric amount based on the nitroxyl 
radical having a half-life time less than 10 min, at the 
polymerization temperature. A secondary initiator is a 
radical initiator with a long half -life time (preferrably 8-10 
hrs) at the polymerization temperature. 

Other features of the invention will become apparent in 
the course of the following descriptions of exemplary 
embodiments which are given for illustration of the invention 
and are not intended to be limiting thereof. 
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EXAMPLES 

Materials: 

Styrene (Aldrich) was dried over CaH 2 and distilled under 
vacuum prior to the polymerization. The initiators, AIBN 
(Eastman- Kodak) and BPO (Aldrich) were purified by 
recrystallization from methanol. Dicumyl peroxide (Aldrich, 
98% pure) was used as received. The 1-phenylethyl -TEMPO 
adduct was synthesized as described below. 

Pglynrerizatjons: 

A series of polymerizations of styrene in the presence of 
1-phenylethyl -TEMPO adduct with variable amount of dicumyl 
peroxide were performed. A typical polymerization procedure 
was as follows: monomer, adduct or initiator (AIBN or BPO) and 
TEMPO and dicumyl peroxide (a stock solution in styrene) were 
added to a Schlenk flask under argon and the reaction mixture 
was thermostated in an oil-bath at 120°C. Samples were taken 
from the reaction mixture after variable times. The monomer 
conversion was determined gravimetrically . The molecular 
weights measurements by gel permeation chromatography (GPC) 
were performed on the samples from the reaction mixture after 
diluting with tetrahydrof uran (THF) . 

The modified procedure was carried out as follows: the 
monomer and TEMPO, and mixed initiators (BPO + 20-30 mol% of 
dicumyl peroxide based on the amount of TEMPO) were added 
under argon to a Schlenk flask and thermostated for 3-3.5 hrs. 
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and then heated to 120 °C. The monomer conversion and 
molecular weights were determined as described above. 

Example 1 - Polymerization of stvrene initiated bv 1- 
phenvlethvl -TEMPO adduct and dicumvl peroxide. 

a) 1 mol% of dicumyl peroxide (with respect to the adduct) 

A stock solution of dicumyl peroxide (0.0267g) in styrene 
(5ml) was prepared under argon. 0.0260g (I-ICT* mole) of the 
adduct, 0.050ml of the stock solution of dicumyl peroxide and 
9.950ml of styrene were added under argon to a Schlenk flask 
equipped with a magnetic stirrer. The reaction mixture was 
heated in an oil-bath to 120°C. After variable reaction 
times, samples were withdrawn from the reaction mixture and 
evaluated by GPC. The conversions were determined 
gravimetrically by evaporation of the unreacted monomer. The 
final polymer obtained after 21 hrs. (77% conversion) had M„ = 
4 8,000 and molecular weight distribution K/M* = 1.22. 

b) 5 mol% of dicumyl peroxide (with respect to the adduct) 

A stock solution of dicumyl peroxide (0,0267g) in styrene 
(5ml) was prepared under argon. 0.0260g (1-10* 4 mole) of the 
adduct, 0.250ml of the stock solution of dicumyl peroxide and 
9.750ml of styrene were added under argon to a Schlenk flask 
equipped with a magnetic stirrer. The reaction mixture was 
heated in an oil -bath to 120 °C. After variable reaction 
times, samples were withdrawn from the reaction mixture and 
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evaluaced by GPC. The conversions were determined 
gravimetrically by evaporation of the unreacted monomer. The 
final polymer obtained after 21 hrs. (86% conversion) had M„ * 
51,000 and molecular weight distribution M^/l^ = 1.27. 

c) 10 mol% of dicumyl peroxide (with respect to the adduct) 

A stock solution of dicumyl peroxide (0.0231g) in styrene 
(5ml) was prepared under argon. 0.0130g (5-l0' s mole) of the 
adduct, 0.282ml of the stock solution of dicumyl peroxide and 
4.718ml of styrene were added under argon to a Schlenk flask 
equipped with a magnetic stirrer. The reaction mixture was 
heated in an oil-bath to 120°C. After variable reaction 
times, samples were withdrawn from the reaction mixture, 
diluted with THF and evaluated by GPC. The conversions were 
determined gravimetrically by evaporation of the unreacted 
monomer* The final polymer obtained after 22.5 hrs. (89% 
conversion) had M„ = 36,000 and molecular weight distribution 
M,/^ = 1.26. 

d) 20 mol% of dicumyl peroxide (with respect to the adduct) 

A stock solution of dicumyl peroxide (0.0187g) in styrene 
(5ml) was prepared under argon. 0.0130g (5-10" 5 mole) of the 
adduct, 0.722ml of the stock solution of dicumyl peroxide and 
4.278ml of styrene were added under argon to a Schlenk flask 
equipped with a magnetic stirrer. The reaction mixture was 
heated in an oil-bath to 120°C. After variable reaction 
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times, samples were withdrawn from the reaction mixture and 
evaluated by GPC. The conversions were determined 
gravimetrically by evaporation of the unreacted monomer. The 
final polymer obtained after 8.3 hrs. (70% conversion) had M n = 
3 0,000 and molecular weight distribution M*/!^ = 1.29. 

e) 4 0 mol% of dicumyl peroxide (with respect to the adduct) 

A stock solution of dicumyl peroxide (0.0458g) in styrene 
(5ml) was prepared under argon. 0.0130g (5-10* 5 mole) of the 
adduct , 0.586ml of the stock solution of dicumyl peroxide and 
4.414ml of styrene were added under argon to a Schlenk flask 
equipped with a magnetic stirrer. The reaction mixture was 
heated in an oil -bath to 120°C. After variable reaction 
times, samples were withdrawn from the reaction mixture and 
evaluated by GPC. The conversions were determined 
gravimetrically by evaporation of the unreacted monomer. The 
final polymer obtained after 7.5 hrs. (86% conversion) had M„ = 
37,000 and molecular weight distribution M*/!^ « 1.44. 

Example 2 - Polymerization of stvrene initiated by AIBN/TEMPO 
1:1 and dicumvl pe roxide (20 mol% with respect to AIBN) 

A stock solution cf dicumyl peroxide (0.0272g) in styrene 
(5ml) was prepared under argon. 0.0164g (1-10" 4 mole) of AIBN, 
0.0156g (I'lO' 4 mole) of TEMPO, 0.993ml of the stock solution 
of dicumyl peroxide and 9.007ml of styrene were added under 
argon to a Schlenk flask equipped with a magnetic stirrer. 
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The reaction mixture was heated in an oil -bath to 120°C. 
After variable reaction times, samples were withdrawn from the 
reaction mixture and evaluated by GPC. The conversions were 
determined gravimetrically by evaporation of the unreacted 
monomer. The final polymer obtained after 8 hrs . (90% 
conversion) had = 56,500 and molecular weight distribution 
M^/Mn = 1.55. 

Example 3 - Polyme rization of stvrene initiated by BPO/TEMPO 
1:1 and dicumvl per oxide (20 mol» with respect to BPO) 

0.0242g (1-10" 4 mole) of BPO, 0.0172g (1-10* 4 mole) of 
TEMPO, 0.0055g (2-10" 5 mole) of dicumyl peroxide and 10ml of 
styrene were added under argon to a Schlenk flask equipped 
with a magnetic stirrer. The reaction mixture was heated in 
an oil -bath to 120°C. After variable reaction times, samples 
were withdrawn from the reaction mixture and evaluated by GPC. 
The conversions were determined gravimetrically by evaporation 
of the unreacted monomer. The final polymer obtained after 8 
hrs, (50% conversion) had M„ « 36,000 and molecular weight 
distribution K/^n = 1-45. 

Example 4 - Modified Polyme rization of stvrene initiated fry 
BPO/TEMPO 1:1.1 and dicu mvl peroxide (35 mol% with respect to 
BPQ) 

0.0262g (1.1-10"« mole) of BPO, 0.0189g (1.2-10' 4 mole) of 
TEMPO , 0.0107g (3.9-10* 5 mole) of dicumyl peroxide and 10ml of 
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styrene were added under argon to a Schlenk flask equipped 
with a magnetic stirrer. The reaction mixture was heated in 
an oil-bath to 90°C for 3 hrs . and then the temperature was 
increased to 120 °C. After variable reaction times, samples 
were withdrawn from the reaction mixture and evaluated by GPC. 
The conversions were determined gravimetrically by evaporation 
of the unreacted monomer. The final polymer obtained after 6 
hrs. (88% conversion) had M„ « 53,000 and molecular weight 
distribution Mv/M^ = 1.38. 

Example 5 - Modified Polymerization of stvrene initiated bv 
BPO/TEMPO 1:1.3 and dicumvl peroxide (20 mol% with respect to 
BPO) 

0.0242g (1-10" 4 mole) of BPO, 0.0203g (1,3 -10~ 4 mole) of 
TEMPO, 0.0054g (2.5-10" 5 mole) of dicumyl peroxide and 10ml of 
styrene were added under argon to a Schlenk flask equipped 
with a magnetic stirrer. The reaction mixture was heated in 
an oil-bath to 90°C for 3.5 hrs. and then the temperature was 
increased to 120°C. After variable reaction times, samples 
were withdrawn from the reaction mixture and evaluated by GPC. 
The conversions were determined gravimetrically by evaporation 
of the unreacted monomer. The final polymer obtained after 
9.5 hrs. (72% conversion) had M,, = 48,000 and molecular weight 
distribution M^/M,, = 1.24. 



WO 98/07758 



PCT/US97/14703 



-30- 

Examole 6 - Synthesis of 1 -phenvlethvl -TEMPO adduct (2,2.6.6- 
tetramethvl-1- (1-phenvlethoxv) piperidine 

2,2,6 , 6-Tetramethyl-l- (1-phenylethoxy) piperidine was 
synthesized in 90% yield at 20 °C via entrapment by TEMPO of 
the 1-phenylethyl radical produced from 1-phenylethyl bromide 
(1 mol. equivalent), CuBr (1 mol . equivalent) and 2,2'- 
bispyridine (2 mol. equivalents) in benzene. The adduct was 
purified by column chromatography and recrystallization from 
cold ethanol and its purity as determined by NMR and EPR 
was >99%. 

In this invention, a rate enhancement of nitroxyl 
radical-mediated polymerization of monomers is achieved by 
addition of a small amount of a radical initiator with a long 
half -life time at the polymerization temperature. For 
example, the polymerization of styrene with dicumyl peroxide 
added in the amount up to 40 mol% proceeds with a higher rate 
than analogous polymerization in the absence of the radical 
initiator. At the same time, molecular weights increase 
linearly with conversion and are only slightly lower than 
expected when less than 40 mol% of the initiator is added* 
Also, the polydispersities remain narrow and close to those 
obtained in the systems without an additional initiator. 
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These references are incorporated herein by reference in 
their entirety. 

Obviously, numerous modifications and variations of the 
present invention are possible in light of the above 
teachings. It is therefore to be understood that within the 
scope of the appended claims, the invention may be practiced 
otherwise than as specifically described herein. 
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CLAIMS: 

1. A method for producing an alkoxyamine comprising: 
reacting a compound having one or more radically 

transferrable atoms or groups with a transition metal or 
transition metal compound, in the presence of a stable 
nitroxide radical. 

2. The method of claim 1, wherein said stable nitroxide 
radical is a radical of formula II. 

3. The method of claim 1, wherein said one or more 
radically transferrable atoms or groups is one or more halogen 
atoms . 

4. The method of claim 1, wherein said compound having 
one or more radically transferrable atoms or groups is an 
aralkyl halide. 

5. The method of claim 1, wherein said transition metal 
compound is CuBr, 

6. The method of claim 1, wherein said compound is 1- 
phenylethyl bromide, said transition metal or transition metal 
compound is CuBr and said stable nitroxide radical is 2,2,6,6- 
tetramethyl-1 -piper idinoxyl radical. 
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AMENDED CLAIMS 

[received by the International Bureau on 28 January 1998 (28.01.98); 
new claims 7-26 added; original claims unchanged (5 pages)] 



7. A rneihod for the production of a polymer or a copolymer by free radical 
polymerization of an unsaturated monomer, comprising: 

heating said monomer wiih a radical initiator having a half-life time comparable to the 
polymerization half-life time ai the polymerization temperature and a compound according to 
the general formula (1) 



v 1 



T*— O— X 



(i) 



wherein X represents a group having at least one carbon atom and is such that the free radical X* 
derived from X is capable of initiating polymerization of the unsaturated monomer by free 
radical polymerization and the radical functionality resides in a carbon atom, 

R 1 , R\ R 5 and R° are the same or different straight chain or branched substituted or 
unsubstituted alkyl groups of a chain length sufficient to provide steric hindrance and weakening 
of the 0~X bond of the compound of formula I, and 

R J and K 4 represent the same or different straight chain or branched substituted alkyl 
groups or R-'CNCR" 1 may be part of a cyclic structure which may have fused with it another 
saturated or aromatic ring, the cyclic structure or aromatic ring being optionally substituted. 

8. A method for the production of a polymer or a copolymer by free radical 
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polymerization of an unsaturated monomer, comprising: 



heating a said monomer with a radical initiator and a secondary radical initiator having 



a half-life time comparable to the polymerization time at the polymerization temperature and a 
compound according to the general formula (II) 



wherein R 1 , R 2 t R 5 and R 6 are the same or different straight or branched substituted or 
unsubstituted alkyl groups of a claim length sufficient to provide steric hinderance and 
weakening of a bond between the oxygen in formula II and a group X where X is a group having 
at least one carbon atom and R 1 and R 4 represents the same or different straight chain or branched 
substituted alkyl groups or R 3 CNCR 4 may be part of a cyclic structure which may have fused 
with it another saturated or aromatic ring, the cyclic structure or aromatic ring being optionally 
substituted. 

9. A method for the production of a polymer or a copolymer by free radical 
polymerization of an unsaturated monomer, comprising two stages: 

stage one: heating a said monomer with a radical initiator and a secondary radical initiator 
having a half-life time comparable to the polymerization time at the polymerization temperature 




(II) 
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and a compound according to the general formula (II) below the polymerization temperature for 
a period of time 

followed by stage two: heating up to a higher temperature at which the polymerization 
takes place. 

10. The method of Claims 7, 8 or 9 comprising a two stage method for preparing a graft 
polymer comprising a first stage of forming a polymer backbone with pendant alkoxyamine 
groups of formula I and a second stage of adding a second monomer and heating to form a graft 
copolymer by controlled growth free radical polymerization initiated by a radical derived from 
X. 

1 1 . The method of Claim 10, comprising a third stage of adding a third monomer and 
heating to form a block copolymer with the grafted chains of the graft polymer by controlled 
growth free radical polymerization initiated by a radical derived from X. 

12. The method of Claim 7, for making a polymer containing an alkoxyamine group 
comprising copolymerizing two or more monomers wherein at least one of the monomers 
contains the alkoxyamine group of formula I. 

13. The method of Claim 10, wherein the second step comprises polymerizing a mixture 
of two or more monomers to provide a graft copolymer in which the grafted chains are random 
copolymers. 

14. The method of Claims 7, 8 or 9 for producing a copolymer from a mixture of two or 
more monomers in which the copolymer is a random copolymer. 

15. The method of Claim 10, wherein the polymer of the first stage is a homopolymer, 
block polymer or random polymer and the graft polymer of the second stage is a homopolymer 
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block polymer or random polymer. 

16. The method of Claims 7, 8 or 9 wherein the polymerization is conducted in a 
non-polymcrizable medium. 

1 7. The method of Claims 7, 8 or 9 wherein the radical initiator having a long half-life 
time is an initiator with a half-life time 8-10 hours at reaction temperature and selected from 
dicumyi peroxide, di-t-butyl peroxide, di-t-amyl peroxide and t-butyl hydroperoxide. 

18. The method of Claim 7, comprising sequentially adding a second unsaturated 
monomer and heating so as to form a block or graft copolymer in conjunction with the polymer 
of the first monomer. 

19. The method of Claims 7, 8 or 9 for producing polymers comprising forming a 
polymer having functional terminal groups which are located at one end of the chains and 
initiator residues located on the other end of the chains. 

20. The method of Claim 19, further comprising the steps of removing the initiator 
residues from the chains and allowing the thus removed residues to rccombine with a further 
radical to form a compound of formula I. 

21. The method of Claim 19, further comprising adding an additional functional group 
at the location of removal of the initiator residue. 

22. The method of Claim 8, in which the first stage comprises reacting a polymer with 
a non-carbon center free radical in the presence of a nitroxide of formula L 

23. The method for the preparation of an alkoxyamine of claim I, wherein the compound 
having one ormore radically transferable atoms or groups also has another functional group that 
will not interfere with a controlled free radical polymerziation using the alkoxyamine as an 
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initiator. 

24. The method of claim I, wherein the compound having one or more radically 
transferable atoms or groups is a polymer 

25. The method of claim 24. wherein the radically transferable atoms or groups are 
present on one or more termini of the polymer. 

26. The method of claim 24. wherein the radically transferable atoms or groups are 
distributed along the backbone of the polymer or are present on substituents on the backbone of 
the polymer. 
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